Macroscopic Polymer Analogues
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ARSTRACT:  Thsordersd fiber muls made of glass merodfibers (GEME ) were sqmbis] osineg
srnall-angle light scattering {SALS ) ultrnsmall-ongle Xoroy seattering (UISAKS ), SEM,
nnd wiptical microsedpy. Thi morphelegizil scaling of thse mabariala ot microm seilo
wns very similar 1o that of polymers in the nopometer sbe. In some fiber maks, sech
ag GMF, the structure is randamiesd af the tame of formation, leadisg 1o n statissienl
analogy with the thermal randomizatien that scours o nanemwler-acsls, high paly-
e Avalogoes for the sold radivs-olgyration. persistence unit, ond sraling regimes
exist in puch Bbor mats and may e o ooselal Rature both for moedeling thermaliy
equilibrated polymeric systems, as well os furtbering the onderstanding ol the phvaseal
jEraperties of Bher mats theomigh anaksy with the theoretical understanding of ther-
mally equilibrated polymeric systems. © 18 Jobn Wilsy & Sane Ine. J Polys Sei B: Palye
Flive B8 JN4T 1164, 1904
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INTRODUCTION

Zame digordered fiber mota represant an intaraest-
ing analeg to nanometer-seale finear polvmeric
aystema, These fihrews materiols are, of eourze,
oot subpect to thermal equibibrium o the detos-
minntion of structure. Fowerer, 1.1'!r|!:|.' e statis-
tice-lmaed materials with ficed stochastic-senling
regimes associated with thelr foreation prodess,
Thi= arficle Tewses on silicn glass microfibera
that are produced s disordered fiber maks 10 an
extraginn proceas whers noweb of miceon-dinme-
ter fibers are spun frem a melt and extraded in o
rupid procesa into a sheer of disordersd fibees,
Fiber dinmeters are on the micron scale, whole
fihor lomgrths are on the millimeter senlo, offering
a wide acaling regime sovering many decades in
ate, Whersas linear polvmeric svstemss. disploy
nano-scale stracture with o senhng regpme gener-
ally on the 10 to 300 A scale, glass microfibors
(GMEF) display & characteristie aealing pamime an
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the | to 100 micron seale. Scaling regimes [ar
linenr organie polymers are chseroed using smoll-
angle meairon or X-ray scstiering with wavie
Lengtha on the Amgstrom seale '™ Fiber acaling
cun b obeervesd using Lght scatbecing if careful
attention is paid to reduction of the scattering
conitragt theough the use of an index mawching
fluid that de== net alter the micron-scale mor-
phology.

In linear, nanometer-scale polymers several
seialing regimes are known hoth from theory and
experiment, " The Gaossiun stobe Tgeesents a
randomn distribution that ignores chain—chain re-
pulsion due o volumetric exclusion through &
halanes hetween entropic rondomizntion and e6-
thalpse atiraction. ™ For the Gaussian state, the
mu=a-fractal dimension, oy, & 2058, enil maga az
5] R?. where 7 is the number of Rulin steps ma
chain of average =ize K, In the absenee of such
thermedynamic atlesction betwesn chain 2eg-
mients, i, in good selvents, Uhe ool sealing fol-
Ipws n mass-frnctn] dimension of 57 mther than
2, Mazs o B, Becauss GMF fibers display es-
sentunlly no attractive or repulsive interaetion, it
is expected that these systems could folbow an
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anakngy for gead-solvent sealing for repulzive)
noncverlapping coils in a moest randem state.
(This expected good-solveni scaling might be
everciame by soae type af bonding Bstween Abers,
e, pi-called spun-homded materiala)

[t addition o a scaling regime, thrse ather
mnrpholegical features deline o typicel nanomie-
ter-acale, linear podymer. At the lnrgest size iz the
radlivs of gyration for & single polymer codl, which
b chiectly related fo the end-to-end distance by
fumiliar relationships. At the smnllest scole, o
linewr organic polymer is expocted to disploy 2
peraistenos regime wliere acaling poes to 10 for &
rid-like peesistence unit. The persistence unik is
geaerally described by a Kuhnestep length, K
and mdinmeter, i1, GMF might alsobe sxpeceed 1o
display bath of these features in the lght-scatter-
g regume. In these macroscopie annlegues, the
absence of koenl structure based on chemical
honds iz experted w lead w low degrees of local
rEre aH LT, and a small pt'rﬂiul.rnu.' 1rng1.|1. rela-
f1ve Lo Lhe Ober dinmeter.

The lormation process of disordered fiber mats,
such as GMF, has & degree of global asymmetry
becavse Lhess materials ar generally prodouced in
n continmous process in the form of @ sheet. For
these shovis, 0 high degree of orientation s ex-
pected in the enes-gection, This orlentation can
bt quantified using SALS through adeptivn of the
Hermuans Orientation fonetion,” as disrussed bee
law, and through sector averaging of 20 SALS
dints

A combination of microscopy and smallangls
senttering san b used to deseribo these statistical
features of disordered Abher mats if a wide cange of
sepitering veetor, 4, is available and Hghobal scat-
terng lunctions are vsed. Such o g’mbnl Funictsnn,
the unified equation,” " can be used to it the
seattermg data from such mass-fracial syslems
displaying senling transitions. The wnified fune.
tion enn describe seattering with maltiple sealing
transitions and arbitrary mess-fracial dimen-
gions. ™ "% It has recently been sdopted to denling
with pelymer chain structure. Twpically, nano-
meter-seale polymers display o scaling regime
characiermatie of the ithermal etate of the ool at
low i folloawed by a persistence regime of — 1 slogpes
lim 4 log intensity ve, bog 4 plot) reflecting local,
linear persistence unite The GMF dats, des-
ol below, doez not ghow noelenr persistonce
mgma reflocting  exiremwiv. ghort  persisience
unita of the arder ol the diameater of a Gber, Such
i siluabion can necur when the aspect ratio be-
twonn the persistencs hngth, K72, and the filser
diamater i3 lega than aboat 27 For such syatems

the Buhn unit and fiber diameter, 17, are groupsd
intoe & single fiting parameter reflecting lesal
chain atructure, the beal redins of gyeation, B7;
= K512 + JIE%, Thiz size-scale is roflected in
a Guinier regime ot high o fellveed by a Porod
regims, which sccounts for the surlace scatlering
fram theo fibers. The omplete scattering curve
from =nch fihers can he fit using the unifled ap-
proach and fear parameters, the [ber eontrast
concenfration based Guoinier term, &, the filer
dinmeter, £, Aber Kuhn-step length, K, and the
mumber of Kohn units in on avernge fiber, 2. GMF
fser mats display two power-law reginees, and
twonr Guinier regimes aceounted for in the unifies
appriach by twa bevels af structure, livel | for the
le=al atrucivure and level 2 for the eoil strecture,

i) = {Gor -5 + B - 5 Mgrd) )
# {0 PR+ Bigh Y D
where the six parameters of eq, (1) ¢an all be

caboulated from &, D, K, and 27" For the
paarnmeters of e (1)

: e Tl
G =20 B = [ g0370 + 2o
where of . = 5 for o self~avoiding walk,

*"r.'”'.' y - T
- H:', idd2)y, = lerfiglt /BT

R = K2+ Dos,

B;

and By = 32 G,AED") from Porad's Law fir a
cylinder with surfnce ares anly on the sides, ' Thae
number of Kuhn stops in an average fiber, 2, s &
firet-order moment of the distribution if i€ 18 eal-
culated from, €, = z €, because the Guinier
priinetor (7 is directly proporiiansl o the nom-
hor af mer unita 14

EXPERIMEMTAL

Tupically, contrast differences for Hghi scatlering
are murch higher than for Xorny or neatron sent-
tering, necessitating mone complicated seattering
funetions based on Mie Theery, Under comditions
of lve pomtrast, the Hayleigh-Gans nppeoxima:
tinn greatly simplifies soattering laws and is the
hagis af such eommon SAKS and SANS laws ma
Caminier’s baw and Porod and power-dow seoling



Laws, as well as the wnified egquatnion discussed
aherve. o use the Bayleigh-Cans approximation
to-amalyre SALS dota for GMF, the contrast for
the systean must be agnificantly reduced. This
cnn ensily be pecomplished through the use of an
index-matching ligusd in which the sample is im-
mer=ed. For salica glass, bengyl aleohal = close i
indox of refroction (1538 for bengyl aleohal aond
1.0 for gilica glass). The hosic pesampption in the
uge ol a contrast-matchiog selvent 18 that the
structure = nol perlurbed by the solvent. This e
bir werified hy consideration of the bulk size and
ghape of the sample; through the use of several
different solvents, amd by miorecopic observa-
L

BALS experiments were performed using a
10-mW HeMe lnser ab 06328 pm wavelength with
o l.mm heam eollimated asing twa 0.5-mm pn-
hole alite and o gased slit immedistely ndjseent to
thie mmple. The scaltering profile was projected
on i sereen and imaged onobe a 512 = 512 CC0D
camera weing & mecrolens, For this setup o sen-
asbivity rmun was made wing an ieotrapie seattorer
im hemispherical, sifica-Alled elastomer). Dark
current and transmission mns and standeed X-
ray datn enrrection procedures were naed. ® Typi-
@mlly, several sample-to-detecior distanoes are
used o expand the available range in seatdoring
angle. Ultrasmall-angle ¥-ray scattering (175
AXE) data was alse collectsd for Lhe same male
rial & extand the rmnge of seattering vector, 4, Lo
the nanameter range. UTSAXS data waz collected
at the Nutional Institute of Stancdards and Tech-
nalagy {WISTH beam line at Brookhosen Mationel
Laboratorkes, X23A3 with the nssistanes of (3,
Lome amad 1D, Fracher, This instroment was ased
bomuse it provides up b oodeende of overlap with
SALE data from owr pinhals instrament,

SALS samples wers run in 1-mm path-lengih,
quariz-box spectroscopy cells Glked with bengyl
aleohal. Typical spmple thickness were about (L5
. Sam ples were carefually chacked for multiple
seattering by observation of the projected main
b, LISAXS samples were mun in air and were

af similar thicknes=

RESULTS/DMSCLSSIOMN

SEM, Figure 1iak and eptical misrographs, Fig-
ure libi, of GMF samples typically display a
structure andlogous te medals for linear polymaers
with extremely long, cylindekeal flbers forming a
cantinwnus walk i 1) =pace. F"iglln-: lial 5 an
SEM micrograph from a dry fiber mat eoated with
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gold, Figure 11k s an optical micregroph of the
saire fibver mat el i beoney] aleohel, whch
is close to index matching. The cenditians of Fig-
e bl mateh thase wsed for the BALS measare-
mente. Micrographe taken at severnl magnifics-
tinns in the regime betwesn the overall Eler 2ize
and the fiber dinmeter kove similar fentures to
that of Figure 1ib), supporting a mass-fractsl
sealing regime, e, there is gqualitative mbcro-
seopic support for self-similanty. Further support
for this sealing reglme eomes from SALS data,
shown in Figure 2,

Figure 2 shows o typical SALATSAXS pattern
from a sarmple of GMF immeesed in benay] aleo-
hol. The meident beam i3 perpendicalar to o thin
shest of GMF. SALS intensity has been sealed to
miateh the averlapping region bebween SALS and
CSAXS. USAKS data is measured in absofutn
intensity units. The combined SALS and USAXS
data, shown in Figure 2 in oa logliniensity va.
logiscaltering vector! plot, displays two promi-
nent senling regimes. Between ¢ = 107 amd 107
i b the dstas is wall deseribed by Paroufs loow tor
smouth sharp imetfaces" fig) = W 24 Ap® 57V
g Y= 32 GAKDY g % Through use of the
Perad invariant,' ™" @ = [ figl g dg, the
data can be normalized mrernally to generate the
surfnce to volume ratwo, 57V, for the fbers, S7V
cnn then he divided by the fiber density, for siliea
fibers about 2.2 gfem”, 1o visld the specific surface
arcn for the fibers, 2.9 m*g in this case, AL lower
i, m weaker power-lyw scaling regime is b rvesd
with a alope close ta — &3 Although & numbser of
gtructures cold aceount for this low-dimensionsl
senling regime, combination of the sheervation of
this pewer-law regime with the micrographs ond
a knowledge of (e polymer scaling theory lend
support in this regime reflecting a fiber aelf-oyvaid-
ing walk, as would be seen for & polymer il in a
god solvenl. Such a scaling regime describes tht
mast rundom arrangement of fibers that maintain
self-pvmdance.

The pewer-Law regunes of Figurs 2 display two
knes-like power-low limiting features that wield
twor pradii of gyration from eg. (15 At lowest g the
knes 1 the scattering curve miflects the average
overall coil size, as mewsured by the number of
Kuhn segments in the eoil, s = B8O = 2, wnad nt
intermeslinte g, the knee like feature (2 apsccialed
with the fiber dinmeter, £ = .78 += 0,01 wm,
and Hukutal&-ﬂ-huﬁt]‘l. K =343 + (.01 pm ae
discussed abvve. The extended length © primative
path, P) for the fiber is, P = 2K = 3.0 = (.01
mim. These values agrse with the expected valwes
ohtnined by opticol and electron micraacopy. Er-
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F‘Im.lh-l- 1. M rographe ol GME sample sBowing micron-ecile blien glass Tihdns i @
polymorike mot. (o) SEM microegraph affer gold costing. This size scale corresporsds ta
the porsialonse vepns and the Bigh -y end of tha ccaling regme. (hidiptical mweragrapls
w30, This size soslo would correspond do the sealing regime ol Fligure 2 below,

rurs wre propaguted through the least-aquares. £ disted part of the sample. The statisticsl eeroes
from the stotistieal error in the data, The fit val mre probably narrower than the distribotion in
e represenl a statistical average aver the irra- the sample, =0 have limited value other than
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Figure & Liog | va log g plat fof GME with an inei-
et i poemal Lo the samplo plane. Scaling regime
it lowey fnllows pood selvend smaling. High-p scaling
bellosms Porsd's law. Fil uses the unifled cquatien with
fur free parameters and a mode] based o o polymers
leke sliririure

tndicate that the unified fit matehes the scotter-
ing dntn 1;|r|:u_-l_1r.

[hpordered fibrous materials are generally pro-
dused in the form of sheets. Within the plane of
the aample the fbers are somedimes oronted ran-
domly or clese o randomly as i GME. [n mast
cases, fibers are not expecied (o be randomly wr-
manged in the sheet normal direction. This iz
clearly the case for OMF. a5 can be observed
microscopically or o SALS. Figure 3 shaows 20
SALS patterns for GMF in gross-section and in-
plane for the GME sheot. The cross-sectonal pei-
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Figure 4. Azimmtholly averngss] dals for GMF in
i = Lem

tern showe g marked degres of anisotropy, 17 this
anisnstropsc dAnta 15 ﬂ:I'.II:I'I.IJI.]I.LLU;'.' a'r'l.'l'l.l,gl.-d | i Vere-
aged ciecularly about the beam center az a fone-
tion of angle from the conter) the seatiering pat-
vern of Fipore 4 pesulis, Figure 4 shaws bath
LISAXS az woll me SALS data Tor thi= cross-sae-
tional gample. In the eresssectim, the scaling
regrima disploye o slope of -1, indieating largely
linear fibere. Sector averages of the data in Figarn
Al shiows o similar sealing regine Galse sl n
Fig. 4b, although somewhat limited noextent ot
e g for one of the two crsentsbions.

The data of Figure 4, eross-sectional data, show
o striking difference in terms of scaling when
compared with that of Figure &, in-plane datn, as
inclicated |.'|_'|r thas dismgoreement between Lhe lne of
glope —543 in Figure 4 and the datp The fiber
coils, which appeared to be random with self-
avmdance i the plane of the sheed, are better

() Cross section

{bh Normal to sheet

Figare B 200 orientatkan of GMF in ermas-eeetion nnd in noemal to the plane of &

rhas=d
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thaaeribsd i esttended reda im0 the. shest cmes-
eecton, This mesmns thal the presoplem of
thegr-diiperional, el Favsdingwialk  scaling
must b o itied bo an apgaeint teo-dimsnsisanl
morphalogy, which momies a M selfovulding
walk in the plope of the sheet Yoristion m the
npparent good-sofvent sealing regime for GME in
the plans of the skest can also be stiained |y
slnformation of the GMF fber= using & pair of
Ui disrs | pol shnwnl

The orientoteey el the e wnnaples ol
Fipures 2 ard 4 cam ko conssdencd in torme of tlm
Hermuans oreaintion function, F This & a wsiaxial,
dipale arientatin fanetion fer thie soeand ot of
1 Lisgendre exporsion of ceemtotion,” and repre-
senks o pimpdcliod yvew of the 310 onentation present
m the snmplke. Howeoer, the Hermaona snendation
fanction can lsa piririial apprcnation thal can
g stanple inlirmation eoncirmning the relationskdp
betwenn arentation and mrpheloge. 1 i poasibls
Lo bl g Jor nm arbiEmey sangeafy, iy, using
the stand ol funetaos,”

4 e |
M.,ﬂ‘_z'_ i

where,

Hig, oo’ b dinn &b

L]
i ) = - = 1]
f’ T, dsin & o'de
L3

anil & is the wemmsthol amgle. socki us in Fipere 3
(the unghe areund the beam sonter), with d = @
bwing assoctaiml with the maximam in seattaring
infens=ity, This approsch differs from the tradi
tumal urse af the orientaden funetion, typienlly in
ARD B g given cryetalline refloction ™ "™ Hee
Lher pierpuss of the ecigntation fiancion i to saeo-
ciats arliirary atrustinsl lonbures sien m SALS
widh sine seakes, poughly o = Lafy, of anhanced
oreniation. Figure § show the fesielt of such o
ralmalation lnsed on the dats of Figere 1 com-
pared wikh the SALS data of Figare 4.

The maxinmm in orientaton for e G eross-
metcLiom il vecurs ak chose Lo bhe Jow g sealing limat
fir the parallel dain iinangks n Fip 5 Le. the
Lk of the ~1 i||||'I- perwer-low in Figuros 4 aml 5
for the paiten parmlel W che skt surfess The
parallel pattern reflecte strocture normal o the
aheet gurfooe. The oescciotion of & macimiEn in

[ L] LE 8 L1y [} (£
Ill.lr-l'r
Figuwre b Orienlalsn fedicn sl BALE detn for
GMF in mras-asction as s fonction af ¢ Pepenidiodar
anil parmBel are with respeas o dhe place of the mal.

weweniation with the Bmitation of ber linearity mor-
mal 4o the surfiees of the sheet supgports the ides
ihimi ovess sertionnl orivotation i= & resalt of fher
confinement in the hiset normal direction. A& simi-
lar erieoiokion cilealobion with the besm nonnal o
they sheid surfsce, Fig. 5. showa little anentobion
sl e iy el B0 griiaxinl orientaton

A r:ul'u'lu q.||rl-u-ﬂ.|j'| L filwer mq“"‘_: enn lm
el tn prediet some physenl properting Fee Uhiiee
materials, Materials such s GMP are soimelines
nwsl ns abserbents and the traditional measere
of their absnrption capahility is made usimg cop-
illary pormsimetry. " The tapdliery ohssrption =x-
peEriment invalves mehsgrement of the mibe of ab-
marrpbion ol an imshibmg Huid such A= water ina
dipping wepnriment whory trapapart is parallo] to
the aliont aurfiee. The Laplams wmpeation s ol
with wwasures of the Biwe sarises timaion s cal-
cilste the eumnplotive pus: solune vs. pore size
In sumples with merphological nsvmmsctey. it is
the iorplans morpholosy that will largely govern
fhe mabe of pksorption if the =ample is dipped
al, the edpye of the swed. o9 is normally doos in
the :npiil.ur_r ahsorptin ovporinent. To oabsolnls
the Eumulative pers waliame Ve pare aige S,
i relatlemship awosn morphologicnl  feeliures
lised om o muods-Eroctal model sod the sz
distrinution must be determimed. Beeently, cimi-
lative pare velumee vs. poresize datan hos been
uapd 80 estimate the spss-droctal dimersion of
chrmnatngraphic gela.'” Equation 41 pives ghe
camulakive pore volwme pe % Rmetson of pere mize
for a mass-Tractal atruciane,

Vil

ST 1= VouVoh |
= | 1= angeld — o f Ly — hu:l_,,.|:| |
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Flhpurs B Comulative pore volume va, e dzo from
HALE aml o capillary geirosametry,

This apprasch con e direetly adaptod to the
ioverse prablem of caleulating the cumulative
pore vidumse curve from SALS data for the in-
plane direclion. The appronch relies an four pa-
mLmelers, b meEn puens s, TEXITm pune side,
minimum pore size, and o moss-froctal sealing
dimension, The mean pore size can be nssociated
with the mean pore chord length fram the Porod
regime of the scattering curve,™ { ., o = 4@
Carde, el where @ 2 the Pored invariam
descw=nd ghove, B = the Fonsd Power-law pref-
actor, and & 68 the vodume fraction of Gber in
the sumple. Far the GME sample of Figure 2 the
meean pore siee i3 aboat 812 microns, ¥, nd
Vg ure citleulmied for spheres of size relnting to
the il R_‘, ind the fiher dinnster.

Thir pesulis of such a eslenlation ms shown in
Figure 6. For the capillary abserption experi-
ment. the first desorption B wseally wsed as o
meaaire 0f Ui true cumilative pore volime for
the sample. The fimt desorption shows good
agreement with the comulative pore valume eal-
culated from the in-phine sentberng patlern of

GRE.

CONCLLSIONS

Bome disordered fiber mais provide an interest-
g analogy with thermally equilibrate], nemem-
eter-scale polvmers in that they display o well-
defined sealing regime, and analogues te o coil
radius of gyrotion and persistence unit. In this
artich: it was shown that polymer models for
Lhess disrderad mirron-seale structures can e
used to predict some properties of thess syatems.
The adoption of fractal scaling Jaws and their

theoretical hasis in terma of excluded volume pro-

MACRORTOM POLYMER ANALOGUES  B1563

vides a fascinating framework within whiels thess
dizordered materials con be physically deseribed.

Maorderes]  fiber mats, when prodoced s
sheets, are: genernlly anisotropie, which lesds
to asvmmelry in the scatlerng patterns for
erose-=prtionnl 2pmples, This asymmetry can b
quantified through adeption of the Hermans oni-
entntion fanetion to these systemsa, leading to o
correlation hetween structural features and ori-
ontation, Scaling of GMF fibers = found te he
elome o thnl of o sedf-nvuiding walk when viewesd
norimal £ the sheet and close to that of extended
chiins when viewed in ernss-section. This reaule
from SALS agrees with evidence from aptical mi-
crascapy. For properties that depend on the in-
plans abricture, swdh as eaplllory abzorption, the
fractal fentures of senttering can be used to gen-
erate a morplobogical buosia for plysicel propee
ties of interest. Bcattering fentures, for instonee
ware wsed o alculate the camuolative pore wal-
e distribation in GMF fiher mats with goced
ngreemenl.

The wse of thase micron-seale disordered ztrpe-
Lared a3 models for nanometer-aenle polymer
structire 18 more limited . Thisordered (e mate
are not ot thermal equilibriom; hence, they can-
imod digplay o nomber of Foatures comimsg Lo nai-
stale polymers such as sereening effects ol ther-
mal changes in sofvation. However, a= simple
modlelz for eertnin targeted features disordered
fiber mats msy prove gquite wseful. For idissoe,
the microgruphs of Figure | ore different than the
cammoen cartoops of “disordorsl” good-aelvont
palymezr strueture, This might 2erve a2 8 e
minder glaat m troely disorder stracioee dieplays
emme, Fandom, esrrelations, The orientation of
digordered fber mats, when procesacd ander eor-
tain eomditions, muy b analogous to the arienta-
twn of pufymers, in thin ilms fe instance, where
the film thicknogs s less thon the ooil sime. Fi-
n|.|.|3:|.'. mechanienl delormation of Lhesie [ ber muils,
which emn bo performed with tweezers under an
aptien] microscope, coubd provede insight inte
s of the most besse featares of Linear polymer
deformation under shear or elongstsonal Bow.
Careful consideration of these almple systeme,
kireping the linstaticns in nyind, eculd prove use-
ful in the development of realletic models for

nam-seale deformation of polymer coils,
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